Abstract
Introduction
Multiple sequence alignment (MSA) is an important method for facilitating the study of DNA homology, phylogeny determinations and the conserved motifs identification. The MSA with the dynamic programming (DP) method to optimize the sum-of-pair (SP) score is an NP-hard problem [1, 2] . Various heuristic MSA methods have been presented to obtain the resulting alignment for multiple sequences. These methods are mostly based on iterated pair-wise alignments to decrease the computation time. The commonly adopted tools, such as CLUSTALW [3] , MUSCLE [4] and T-COFFEE [5] , adopt the progressive method [6, 7] . The progressive method aligns a set of sequences by repeatedly aligning pairs of sequences and previously generated alignments until all sequences are aligned into a single consensus alignment. These tools can produce the high-quality alignments in protein, DNA, and RNA sequences.
The coding region of a gene is that portion of a gene's DNA or RNA that is composed of exons. It starts with an ATG codon and ends with a stop codon. The coding region in the mRNA is flanked by the 5' and 3' UTR, which are also parts of exons. Three continuous nucleotides (a codon) in the coding region can be converted to an amino acid. To align the coding regions, the existing MSA tools may produce an illegitimate result or the result is not consistent with practical observations. For example, gaps are opened within three nucleotides which should be continuous in practice. Therefore, we cannot infer the possible protein sequence and function site by this result if the real protein sequence or the start position of the open reading frame is unknown.
CORAL has been developed for efficiently aligning two homologous coding region sequences, such as human and mouse. It also has been incorporated into a gene prediction tool, GeneAlign [8] , to determine whether the regions flanked by the candidate signals are similar to annotated coding exons or not. CORAL adopts a simple probabilistic filtration model and the local optimal solution to align a pair of coding region sequences (codon to codon with the wobble mask rule) by the sliding windows scheme. The produced alignment results by CORAL can be consistent with the practical observations, such as intron/exon boundaries, to improve the gene prediction accuracy. CORAL-T [9] also adopts a probabilistic filtration model, modified from CORAL, to align three coding region sequences. Both of these methods are useful and fast to align a few of coding region sequences.
In this paper, we further extend CORAL and propose a progressive multiple alignment method, named CORAL-M, to align multiple coding region sequences. At first, CORAL-M adopts extended CORAL as the pairwise alignment step to align each pair of intermediate alignments according to the branching order of the guide tree. Then we propose a complex probabilistic filtration model and the decision rule to determine the resulting alignment. CORAL-M is also a linear time method and faster than other MSA tools.
Method
In general, a progressive multiple sequence alignment method consists of three main stages: (i) A distance matrix is calculated by aligning all pairs of sequences separately; (ii) a guide tree is calculated from the distance matrix; (iii) the sequences are progressively aligned according to the branching order in the guide tree. CORAL-M follows these three stages. In the third stage, CORAL-M adopts the extended CORAL program to align sequences. Figure 1 illustrates the procedure of CORAL-M.
The distance matrix and guide tree
In the CORAL-M, the distance of a pair of sequences is calculated using a fast approximate alignment method [10] . This method allows very large number of sequences and very long sequences to be aligned. The scores are calculated as the number of ktuple matches in the best alignment between two coding region sequences. The trees used to guide the final multiple alignment process are calculated from the distance matrix using the Neighbour-Joining method [11] . This produces unrooted trees with branch lengths proportional to estimated divergence along each branch. The root is placed by a 'mid-point' method at a position where the means of the branch lengths on either side of the root are equal.
Extended CORAL
CORAL is developed on the basis that the nucleotide sequences of coding exons are conserved at the amino acid level. Relative to SPA [12] , which adopts the probability analysis and a greedy method to align homologous nucleotide sequences, CORAL employs a different probabilistic filtration method for efficiently aligning coding exons. The main concept of CORAL is based on the idea that, within a window of fixed length, an optimal alignment between two conserved coding regions is reached when the number of exact matches is much higher than that of mismatches. The alignment is performed by two sliding windows, one for each coding region. The number of matches for the sequences in the two windows is computed. If the number of matches is higher than the default value, then the alignment of the sequences in the windows is accepted and the alignment is continued. Conversely, a shifting mutation may exist and the alignment is suspended. A local search is then performed to determine a proper shifting. In either case, one or both of the sliding windows are then moved downstream and the alignment procedure is repeated. The essence of CORAL lies in a probabilistic rule (to be described later) to determine when a local search should be performed. CORAL enjoys a linear time behavior in practice without substantially sacrificing accuracy when the two coding regions are similar. Moreover, the pattern XXO is applied because of codon degeneracy [13] (wobble mask rule). In practice, three nucleotides spread out in the pattern XXO, where the X indicates "absolute matching" and the O means "don't care", are utilized instead of translating nucleotides to amino acids as the basis of alignments.
Figure 1. Procedure of CORAL-M
For the progressive multiple sequence alignment, CORAL cannot align two intermediate alignments. In CORAL, the probabilistic filtration model and shifting mutation are only designed to align a pair of coding region sequences. Therefore, we propose the extended CORAL by modify these two mechanisms to align two intermediate alignments.
Probabilistic filtration model.
Let A x and A y be the input nucleotide alignments with lengths of n x and n y , respectively. A codon is a 3-nucleotide string and is a basic unit of alignments. Each gap is hence with a length of 3. The codon match of C x,i and C y,j for the i-th codon on alignment A x and j-th codon on alignment A y , each being a codon or a gap, is defined by codon match function CM(C x,i , C y,j ). The codon C x,i represents the maximum number of the codons existing at the i-th codon column of the alignment A x . The CM(C x,i , C y,j ) is set to be 1 if C x,i and C y,j are codons and their first two nucleotides are the same, and 0 otherwise. Under this scoring function, the score s (the number of codon matches) of an optimal alignment of A x and A y can be computed:
In turn the similarity between A x and A y can be represented by the codon identity p = s / n, where n is the codon length of the alignment of A x and A y . If the codon mutations occur randomly within an alignment, the probabilities of a codon match and mismatch (or a codon insertion/deletion) at a position of the alignment of A x and A y would be p and 1 − p, respectively. The probability of observing x matches within w consecutive positions in the optimal alignment is
where X is the random variable for the number of matches. Then
is the probability of at most x matches within these positions. For x < w, P(X ≤ x) decreases significantly as p increases. The true value of p is unknown unless A x and A y are optimally aligned; however, the value of p can be estimated by the prior genomic analysis of the organisms of which the input sequences derived. and W j (A y ) are unlikely to correspond to the same positions in an optimal alignment, because the probability is low to have only x or less matches in w consecutive positions of an optimal alignment. In the later case, the pair of C x,i and C y,j is assumed as an illpositioned pair and a shifting mutation is likely to exist at these positions. Subsequently, the algorithm searches locally within g (the maximum number of gaps) for the best t to obtain the maximum number of codon matches x', where
Shifting mutation. Let
/w is smaller than the expected codon identity p of S x and S y , the algorithm proceeds to i + 1 and j + 1, and C x,i and C y,j are aligned together. Otherwise, a shifting mutation is inferred to occur. In the case of x' = CM(W i+t (A x ), W j (A y )), t gaps are inserted into A y and the algorithm proceeds to i + t + 1 and j + 1. In the other case of x' = CM(W i (A x ) W j+t (A y )), t gaps are inserted into A x and the algorithm proceeds to i + 1 and j + t + 1. Extended CORAL adopts an approach based on probabilistic analysis to reduce the influence of any single false decision. The followings briefly summarize the decision rule.
Decision rule.
If the number of codon matches of segments W i (A x ) and W j (A y ) is x with P(X ≤ x) < threshold, then the pair of C x,i and C y,j is assumed as an ill-positioned pair, resulting from a shifting mutation. Figure 2 illustrates an example of shifting mutations. The distribution function F(x) = P(X ≤ x) can be computed before the alignment is generated, and therefore the assessment by the decision rule applied in each step can be achieved in constant time. For example, the codon identity of input sequences is set at 0.75 (p=0.75) and the threshold is set at 0. 
indicating that a shifting mutation likely occurs at the i th codon of A x or j th codon of A y when the number of codon matches CM(W i (A x ), W j (A y )) is not larger than 2. Consequently, segments with the number of codon matches equal or smaller than 2 are reexamined by the local search to determine a proper shifting. The algorithm scans the sequences simultaneously by sliding windows without recursions or backtrackings. When the similarity of A x and A y is relatively high, the O(g) local search time is rarely invoked.
Hence extended CORAL exhibits a linear time behavior in analyzing similar coding regions. The codon identity produced by extended CORAL can be used to determine if the region codes for proteins and if the alignment is significant.
Figure 2. An example of the six shifting mutations.
A 3-codon sliding window is depicted. The optimal alignments are found by shifting a sliding window in (a) and (b). The ill-positioned is happen in the sliding window that the first codon in the two sliding windows are not matched each other.
Progressive alignment
The procedure at this stage is to use a series of pairwise alignments to align larger and/or larger groups of coding region sequences, following the branching order in the guide tree. Extended CORAL is used at this stage to produce the intermediate alignments. As the example shown in Figure 1 indicates that the sequences are aligned in the following order of the guide tree: (i) A and B aligned by CORAL (A-B) 
Experiments
Enteroviruses are a genus of ssRNA viruses associated with several human and mammalian diseases and affect millions of people worldwide each year, and are often found in the respiratory secretions (e.g., saliva, sputum, or nasal mucus) and stool of an infected person. The serotypes of Enteroviruses are Coxsackievirus (CA for short), Echovirus, Enterovirus (EV for short), Human rhinovirus and Poliovirus (PV for short). Poliovirus can affect the spinal cord and cause poliomyelitis. There are three serotypes of PV, PV1, PV2, and PV3. Sabin is a vaccine to prevent or mitigate the illness caused by Poliovirus. There are also three types of Sabin; Sabin1 for PV1, Sabin2 for PV2, and Sabin3 for PV3. There are some known function sites for the Sabin strains by comparing with the PV strains, as shown in Table 1 .
In this paper, we want to find the potential function sites for EV71 and CA16 strains by comparing with Sabin strains using CLUSTALW, RE-MuSiC [14] At first, we compare the strains of Sabin1-PV1, Sabin2-PV2, and Sabin3-PV3 by using these tools. The pairs of aligning codons corresponding to the known function sites of Sabin1-3 are shown in Table 1 . From Table 1 , these three tools all obtain the same results for capsid proteins VP4, VP3, and VP1. These results are consistent with the practical observations and experiments. For example, the codon "TCC" at position 195 (amino acid 'S' at position 65) in Sabin 1 is aligned to the codon "GCC" at position 195 (amino acid 'A' at position 65) in PV1. This result can be used to explain why the Sabin1 is the antidote for PV1 due to the nucleotide change. For Sabin2 and Sabin3, we obtain the same observations. Tables 2 and 3 show the comparisons of strains of Sabin-EV71 and Sabin-CA16. From Tables 2 and 3 , we can find that there are two illegitimate results made by other MSA tools. The first one is that the aligned codon of EV71 or CA16 cannot be transferred to the amino acid according to the start position of open reading frame. By this result, we cannot infer the potential function sites for EV71 and CA16, respectively. Besides, for a genome sequence without the open reading frame information, this result may cause biologists to do invalid experiments. The second one is that the gap(s) inserted to the codon of Sabin2 or Sabin3. For the input with the known information, this result is unreasonable.
From Tables 2 and 3 , we also can find the following observations by CORAL-M: (1) the results of capsid proteins VP4 and VP1 at positions 195 and 429 for Sabin-EV71 and Sabin-CA16 are the same with those of Sabin-PV, respectively. These results point out that the vaccine of EV71 may be able to be produced. (2) The aligned codons of capsid protein VP3 at position 678 of EV71 and CA16 are the same with that of Sabin1 at position 675. This result may be able to explain why the toxicity of EV71 or CA16 is less than that of PV in general realization. (3) The codon of capsid protein VP1 at position 273 of Sabin3 is aligned to those of EV71 and CA16 at position 273, respectively. This result points out that the position 273 may be a function site of EV71 or CA16 and this observation is matched the result proposed by Arita et al. [15] .
Conclusions
Recently, the rapid growth of sequence repositories supplies grand number of valuable data by genomic comparisons. Most of MSA tools do not adopt the concept of codon to codon alignment with the wobble mask rule. Therefore, the alignment of coding region sequences produced by these MSA tools maybe not consistent with practical observations. In this study, we proposed CORAL-M to align multiple coding region sequences and the resulting alignments matched the observations and predicted the potential function sites for EV71 and CA16. From these experiment results, CORAL-M is shown to be a useful tool for coding region alignments with multiple genome sequences. 
